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ABSTRACT 
Polyvinyl-pyrrolidone (PVP) loaded with different fractions of dispersed nano-
graphene platelets (NGP) were studied by Broadband Dielectric Spectroscopy in 
the frequency range from 1 mHz to 1 MHz. Complex permittivity and dynamic 
ac conductivity as a function of frequency, temperature and composition were 
explored. The concentration-dependent insulator-to-conductor transition was 
traced through dependence of the dc conductivity and the onset of the dispersive 
ac ac conductivity. The temperature evolution of the dielectric spectra, below and 
above the fractional threshold exhibits different dynamics and signs the critical 
percolation threshold. Percolation is dictated by quantum penetration of the 
effective potential barrier set by the polymer matrix operating in parallel with 
conduction along physical contact of NGP, in accordance with predictions for 
systems consisting of a semi-conducting matrix and dispersed conducting 
inclusions.  
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Functional polymers with dispersed nano-structures exhibit properties of significant 
technological importance, broad applicability and low production cost. Polyvinyl-pyrrolidone 
(PVP) is a polymer wide known for its pharmaceutical applications. It can be used as binder, 
coating and disintegrate for tablets stabilizer [1]. PVP is easily dissolved in water; both PVP and 
water are non-toxic, environmentally friendly and bio-compatible materials. Graphene is an 
excellent conductor of electricity and can be dispersed into water. Nano-graphene platelets 
combine the advantageous properties of graphene and the low production cost (e.g., in relation 
with single layered graphene). Thus, controlling the PVP/NGP composition, one can tune the 
properties of the composite, respectively, and achieve the desired optimum properties 
respectively. In this way, novel ambitious devices can be innovated. For example, water 
solutions PVP/ NGP composite can be used as bio-compatible link between electrodes and skin 
or tissues. As a result, various coated functional polymers with graphene [2, 3] have been 
prepared in order to analyse the mechanisms of charge transfer [4], to find the critical nano-
particle concentration to achieve percolation of electric charge carriers along the volume of the 
composite [5, 6, 7] and generally to inspect the electrical properties for those various matrices. 
Lastly, PVA (polyvinyl-alcohol) is a relevant material with polyvinyl-pyrrolidone that has been 
studied significantly [8]. In such studies, the dc conductivity vs composition is examined to find 
the percolation threshold. Standard percolation theories [9] assume that the host matrix is a 
perfect insulator, which is an abrupt assumption in many real systems. Recent progresses on 
percolation phenomena in systems with matrixes that can be penetrated by electron quantum 
mechanical tunneling [10] describe better PVP/NGP composites.  
Aqueous polymer solutions were formed by dissolving PVP K30 (ASG 
SCIENTIFICCAS 9003-39-8) in de-ionized doubly distilled water and  aqueous solutions of 
nano-graphene platelets  (Angstrom Materials N008-P-40 nano-graphene platelets of average 
lateral dimensions ≤10 μm and average through-plane dimensions ranging from 50 nm to 100 
nm) respectively, were separately ultra-sonicated in a heat bath at 345 K for a time duration of 2 
hours. Subsequently, the solutions were mixed together and cooled to room temperature under 
ultra-sonication. The aqueous mixture was drop casted on a clean flat Teflon surface and was 
dried at ambient conditions for, at least, two days. The upper surface of the solid nano-composite 
films were grated to obtain a flat surface parallel to the one facing the teflon plate. The thickness 
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of the specimens was a few of millimeters. SEM imaging indicated a uniform dispersion of the 
nano-particles within the polymer matrix (Fig. 1). 
Specimens were cut from the sold nano-composite film, which were placed inside a 
capacitor type sample holder of a liquid closed-circuit helium cryostat (ROK, Leybold-Heraeus) 
operating from 15 K to room temperature. Temperature was stabilized with an accuracy of 0.01 
K by a LTC 60 temperature controller. Complex permittivity measurements were collected from 
1 mHz to 1 MHz with a Solartron SI 1260 Gain-Phase Frequency Response Analyzer, and a 
Broadband Dielectric Converter (BDC, Novocontrol). WinDeta (Novocontrol) software was 
monitoring the data acquisition [11, 12]. 
The real and imaginary parts of the complex permittivity (ε΄ሺfሻ	and ε΄΄ሺfሻ, respectively) 
constitute the complex dielectric permittivity function ε∗: ε∗ሺfሻ ൌ 	ε΄ሺfሻ ൅ i	ε΄΄ሺfሻ [13], where 
iଶ ൌ െ1 and f is the frequency of an externally applied harmonic field. Alternatively, the t 
complex electric conductivity	 σ∗ሺfሻ ൌ iωε଴ε∗ሺfሻ, consist of a real and an imaginary 
component	σ΄ሺfሻ ൌ 2πf	ε΄΄ሺfሻ. 
The dielectric spectra of nano-composites of various volume fractions of NGPs depicted 
in Fig. 2, indicates that the increase of the NGP loading results in a systematic increase of the 
value of both ε΄ሺfሻ and ε′′ሺfሻ; accordingly,  an increase of the conductivity and capacitance, 
respectively. Augmenting the NGP content, the percolation network is enriched in conducting 
‘links’ and the density of interfaces and, subsequently, charge trapping centers increase, too. The 
real part of the dynamic conductivity σ΄ሺfሻ of lightly doped composites consists, in a double 
logarithmic representation, of a low frequency plateau, whereas the frequency independent 
conductivity coincides with the dc conductivity	σ଴, and a high frequency dispersive region (Fig. 
3). We observe that conductivity values increase on volume fraction of NGP. Increasing the NGP 
content, a percolation network is formed: At high concentrations, the insulating barrier 
separating the platelets becomes thinner and can be easily penetrated by quantum mechanical 
tuneling. At higher NGP loadings, in addition to the above mentioned tunneling process, a 
continuous network is formed due to physical contacting among NGPs.  
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Percolation theory for systems consisting of conducting inclusions dispersed into an 
insulating matrix predicts a critical volume fraction φେ, below which, a critical value of the 
volume fraction φେ the composite does not conduct electricity, while, above it, the dc 
conductivity at constant temperature is given by: 
σ଴ሺφሻሺφ െ φେሻ୰      (1) 
where ݎ is an exponent roughly equal to 2 for three dimensional systems [9]. Eq. (1) is valid 
under the constraint that the host matrix is a perfect insulator impermeable by electric charge 
carriers. In fact, on increasing the volume fraction of nano-particles, the PVP spacing becomes 
thinner; the transmission coefficient for quantum mechanical tunneling through the polymer 
separating neighboring conductive inclusions becomes non-zero. Nano-granular metal 
composites, where hopping or tunneling between isolated metal grains occurs, are characterized 
by two distinct electronic transport regimes depending on the relative amount of the metallic 
phase [10]. On increasing the fraction of the metallic phase, the transition from the dielectric 
phase to a semi-conducting one is traced, as phonon assist tunneling of electrons through the host 
material separating metallic regions. At higher concentrations, physical contact of metallic 
regions provides a continuous network for electric charge flow; this mechanism proceeds in 
parallel with the mentioned hopping conduction. 
The dc conductivity	σ଴, estimated from the low frequency constant ac conductivity data, 
is plotted against volume fraction at room temperature in Fig. 3. Eq. (1) is insufficient to fit the 
entire set of data point, i.e., including the data points corresponding to high loading (to about 12 
% vol NGP). Reasonable fitting parameters were obtained when eq. (1) was fitted to the low 
concentration data points, providingφେ ൎ 0.22	%	vol. For volume fraction values sufficiently 
above the critical one, another transition probably occurs when percolative conduction starts to 
dominate via physically contacting of NGPs. Due to the high scattering of the experimental 
points of Fig. 3 on the low loading of NGPs no fitting method could give reasonable parameters. 
Thus, we provide an approximation at φେ ൌ 0.2 േ 0.1% and r ൌ 1.3 േ 0.1. The latter value is 
comparable with the value 0.5 % vol predicted for ideal insulator/conductor composites. The 
percolation threshold is quite low in comparison with carbon nanotubes [14], indicating that a 
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very small amount of NGPs, which are considerably cheaper than single layer graphene, can 
optimize the electrical properties of PVP. 
Room temperature σ΄ሺfሻ plots for composites of varying NGP loading are depicted in Fig. 
4. The ac conductivity spectra are characterized by a crossover from the dc plateau to a 
dispersive high frequency region. The dc conductivity, which is determined from the low-
frequency plateau, augments systematically upon NGP content. At significant NGP loading, the 
spectrum resembles that of a conductor, indication that a continuous percolation network of 
mutually attaching NGPs has been formed. This picture agrees with that the granular metal 
composites exhibit [10]. The concentration where the composite behaves as a conductor (and the 
ac conductivity is loss free) is estimated to be roughly φ′ୡ ൎ 0.33	%. The threshold 0.33 is 
consistent with the percolation threshold in three-dimensional continuous network [15, 16, 17]. 
Although this method seems to be less accurate than others, it has the advantage to have a direct 
visualization of the dielectric (or semiconducting) state to the conducting one.  
BDS measurements were carried out at isothermal conditions below room temperature. 
Distinct conductivity mechanisms have different temperature dependencies in principle. For 
example, ionic or hopping conductivity decrease in cooling, while, metallic conductivity has a 
opposite trend as the vibrational motion of atoms and, subsequently, the effective cross-section 
for electron back-scattering are suppressed upon freezing. In Fig. 5, isotherms ε΄΄ሺfሻ are 
demonstrated, respectively, for 0.05, 0.22 and 0.55 % vol NGP. At low NGP fraction, ε΄΄ሺfሻ gets 
suppressed on cooling (i.e., ቀபகᇲᇲሺ୤,୘ሻப୘ ቁ ൐ 0), while, for 0.22 and 0.55 % vol NGP, ε΄΄ሺfሻ is a 
decreasing function of temperature (ቀபகᇲᇲሺ୤,୘ሻப୘ ቁ ൏ 0). The NGP fraction induces new pathways for 
electric charge transport and affects both the topology and the energy landscape (i.e., the PVP 
separating the platelets becomes thinner, the effective potential barrier gets modified and 
tunneling through it is enhanced. The critical volume fraction signaling the change in the 
electronic properties of the composite is about φେ ൌ 0.22	%, a value close to the one that was 
found above using the effective minimum approximation model [10]. An increase of the dc 
conductivity upon cooling at temperatures lower than room temperature has been observed in 
polystyrene/NGP composites [18]. The decrease of temperature suppresses rotational fluctuation 
in polymeric molecules; therefore the electric field gains the ability for orientation. The induced 
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polarization of the polymer matrix causes the emergence of opposite charges on the polymer –
NGPs interface, enforcing the tunneling through the contact. Polarization of the polymer 
supports tunneling of free charge carriers (while charges bound to the polymer just keep the 
electret state). At higher NGP loadings, the obtained effects exist, but they are less pronounced 
due to decrease of the distance between NGPs, a transition from polarization assisted tunneling 
to physical contact percolation occurs [18]. 
In Figure 6, surfaces of the function σ΄ሺf, Tሻ are plotted for three different NGP volume 
fractions: below, close to and above the insulator-to-conductor fractional threshold. The surface 
corresponding to the conducting composite is characterized by high ac conductivity values, weak 
suppression upon temperature. Surfaces corresponding to insulating (or semi-conducting) 
composites exhibit an increase of the ac conductivity values upon temperature. 
Isotherms of ε′′ሺfሻ vs. f (Figures 2 and 5) are typically described as a sum of a dc 
conductivity component and a Kohlrausch/Williams/Watts (KWW) function [13]: 
ε"ሺfሻ ൌ ஢బகబଶ஠୤౤ ൅ ࣠ሾΔεሺtሻ ൉ Φሺtሻሿ     (2) 
where ε଴ is the permittivity of free space, Δε is the intensity of the relaxation mechanism, 
Φሺtሻ ൌ exp ൤െ ቀ ୲தే౓౓ቁ
ஒే౓౓൨ is the correlation function and ࣠ሾΔεሺtሻ ൉ Φሺtሻሿ denotes the Fourier 
transform of the function enclosed between the brackets. The β୏୛୛ parameter (0 ൏ β୏୛୛ ൑ 1) 
is a measure of the asymmetric broadening of the relaxation peak and τ୏୛୛ is the related 
relaxation time. The broadening of the relaxation peaks is likely to occur, since the motion of one 
tunneling event affects the next neighboring event one via local elastic strain. We note that the 
Harviliak-Negami function (HN function) [19] poorly fitted the data points compared with the 
KWW function. The Grafity software was employed to analyze the dielectric spectra. As can be 
seen in Fig. 7a, apart from the dc-conductivity component, a couple of KWW relaxations are 
detected.  In Fig. 7(b) the high-frequency dielectric components (appearing as ‘knees’ in the 
ε΄΄(f) spectra) systematically shift towards higher frequency, as temperature is reduced, 
evidencing for coherent electronic charge flow, within conducting NGP or aggregates [21, 22].  
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Isotherms of the dc-conductivity σ଴ evaluated from the complex permittivity data for 
nono-composites of various NGP loading are depicted in Fig. 8. We observe that the insulator to 
conductor transition results in the reversal of the curvature of the conductivity plots. Sign 
reversal of the corresponding slopes occurs, as well, as can be seen in the inset Arrhenius 
diagrams, for temperatures close to room temperature (RT). Fitting a straight line yields apparent 
activation energy values  Eୈେ,୅୰୰୦ ≡ െkሺୢ୪୬஢బୢ୘షభ ሻ୘ୀୖ୘ , where k is the Boltzmann’s constant. 
Apparent activation energies are given in Table I. While the absolute value of Eୈେ,୅୰୰୦ is 
correlated with an effective potential barrier separating neighboring localized states, its sign 
evidences the monotony of the σ଴ሺTሻ function. Crossing along the insulator to conductor 
transition upon increasing the NGP fraction, a sign reversal of Eୈେ,୅୰୰୦ occurs, as an effect of the 
dynamics of electric charge flow upon the modification of the percolation network. The 
aforementioned changes are related to  the formation of a percolation network consisting of 
physically contacting NGPs. Percolation along this network dominates FIT, yielding augmented 
conductivity values in expense of interfacial charge trapping and subsequent capacitance effects 
and KWW relaxations detected below φc.We notice that, the fluctuation induced tunneling model 
[20] of electrons through a semi-insulating barrier separating neighboring dispersed conducting 
nano-particles, was insufficient to fit the conductivity-temperature data. Such failure has been 
reported in some cases, such as carbon-nano-tubes/poly-epoxy composites [23]. 
In conclusion, the complex permittivity and dynamic ac conductivity of composites 
consisting of polyvinyl-pyrrolidone (PVP) and dispersed nano-graphene platelets (NGP) was 
used to investigate electric charge transport dynamics as the volume fraction of NGP is gradually 
modified. The insulator to conductor transition was explored by exploiting different dielectric 
functions and their frequency, temperature and composition dependencies. An alternative version 
of percolation theory, assuming a semi-conducting matrix, is applied to analyze the dc 
conductivity vs NGP loading. Alternatively, signature of the crossover concentration was 
detected by examining the temperature evolution of the ac conductivity spectra, based on the fact 
that different electric charge transport dynamics (dominating below, close to and above the 
critical volume fraction for insulator-to-conductor transition) exhibit different temperature 
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dependencies. The effective potential barrier controlling percolation and the average distance 
between neighboring NGPs that form a percolation network are obtained. 
 
 
Table I 
 
% vol. NGP
ણ۲۱,ۯܚܚܐሺܕ܍܄ሻ
5.71 +15±2 
3.36 +70±10 
2.22 +30±20 
0.33 +30±10 
0.22 -60±10 
0.05 -30±10 
 
Apparent activation energy values obtained from the Arrhenius plots in the vicinity of room 
temperature, for samples of various compositions. As explained in the text, the sign reversal 
indicates the change in the monotony of ݈݋݃ ߪ଴ ሺܶሻ, due to the variation of the topology of the 
percolation network upon loading. The absolute value of the activation energy correlates to an 
effective potential barrier, while its sign evidences about the monotony of the dc conductivity 
upon temperature 
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Figure Captions 
FIG. 1. SEM images of a PVP/0.03 % vol. NGP composite. 
FIG. 2. (a): ε΄ሺfሻ and (b): ε′ሺfሻ spectra recorded at room temperature for various NGP loadings; 
from top to bottom: 12.00, 5.71, 0.44, 1.10, 0.27, 0.33, 0.22, 0.55, 0.03, 0.11, 0.05% vol, 
respectively. 
FIG. 3. Logarithm of dc conductivity plotted against volume fraction. Eq. (1), which provides 
the insulator-to-conductor transition,  fits the low concentration data points. Another transition 
from phonon assisted quantum mechanical tunneling conduction to percolation due to physical 
contact of NGP is observed at high NGP loading. 
FIG. 4. Dynamic ac conductivity spera σ ′ሺfሻ for PVP/NGP measured in the entire frequency 
regime from 10–ଶHz to 10଺Hz in room temperature for different concentrations from top to 
bottom: 12.00, 5.71, 0.44, 1.10, 0.27, 0.33, 0.22, 0.55, 0.11, 0.05% vol. respectively. A dashed 
line has been drawn, for improved visualization of the shift of the crossover frequencies with the 
increase of NGP loading. 
FIG. 5. Typical isotherms of ε΄΄ vs f for (a) a non-conducting sample (0.05 % vf of NGP) from 
top to bottom: 290, 270, 210, 190, 230, 140,110 ,80 K respectively(b) a sample in the transition 
range (0.22 % vf of NGP) from top to bottom: 294, 285, 275, 255, 235, 215, 115, 155 K 
respectively -as can be seen from the low frequencies- and (c) a conducting sample (0.55 % vf of 
NGP) from top to bottom: 90, 50, 16.5, 30, 70, 110, 190, 150, 170, 210, 250, 230, 270, 130, 290 
K respectively.  
FIG. 6. 3D diagrams of the real part of σᇱሺf, Tሻ for three of composites 0.1 % 0.4 % and 6 % vol 
NGP (from left to right, respectively). Notιψε the different way ac conductivity spectra evolves 
upon temperature (i.e., the change of the sign of the derivative ቀ஢ᇲሺ୤,୘ሻப୘ ቁ, on increasing φ). The 
above mentioned sign reversal signatures the transition from the insulating state to the 
conducting one. 
FIG. 7. (a) Fitting results of a typical  dielectric spectra by using one dc conductivity component 
and two KWW peaks constitute the dielectric spectra at T=50 K of 0.33	% vol NGP composite. 
(b) Isotherms recorded at temperature ranging from: 16, 50, 90, 130, 170, 210, 255, 265, 275, 
285, 295 K from top to bottom curve, respectively. Cooling suppresses the dc component, in 
accordance with the predictions for granular metal electronic transport via fluctuation induced 
tunneling. 
FIG. 8. Dc- conductivity vs temperature for nano-composites loaded with 5.71, 3.36, 2.22, 0.33, 
0.22, 0.05 % vol NGP (top to bottom, curves respectively).The insulator to conductor transition 
is accompanied by reversal of the sign of both the slope and the curvature. Inset: Typical 
Arrhenius diagrams in the room temperature limit for composites: 5.71, 3.36, 2.22, 0.33, 0.22, 
0.05 % vol NGP (from top to bottom, respectively). Straight lines are best fits of the Arrhenius 
law to the data points at the room temperature limit. 
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